.-A simple crossover design tested the specificity of fat loss induced by exercise in the cold. Fifteen middle-aged, moderately obese males exercised 2.5 h/day for 2 wk, separated by an intervening (recovery) week. For 1 wk, the climatic chamber was maintained at -4OOC (still air, full arctic clothing), with ambient temperatures for the alternate week. A total daily energy expenditure of about 13 MJ was estimated from diary records of activity, the tables of Durnin and Passmore, and KofranyiMichaelis measurements of oxygen consumption for subjects in the chamber. Comparison with diary records of food consumption showed a small energy deficit (-2.9 MJ *day-') over both warm and cold exposures. Cold exposure led to a reduction of skinfold thicknesses and an increase of body density (underwater weighing), with a loss of body fat (2.3 kg from skinfolds, 0.8 kg from underwater weighing) and a 1.5-kg increase of lean body mass. However, no significant changes of body composition occurred with comparable exercise under temperate conditions. Core temperatures were well maintained in the cold environment, but skin temperatures were 10°C lower than under ambient conditions. Mean skin temperature in the cold was positively correlated with fat loss. The observed fat loss in the cold can be explained by I) new protein synthesis, 2) ketosis, and 3) a small energy deficit. obesity; ketosis; energy balance A STUDY OF SOLDIERS participating in a 2wk arctic patrol first drew our attention to a large loss of body fat induced by the combination of exercise and cold exposure; this occurred despite an apparent matching of energy needs and the rations consumed (13). The findings were largely replicated when volunteers carried out a simulated arctic patrol in a climatic chamber where both food intake and energy expenditures could be monitored closely (14), and it was suggested that the combination of exercise and cold exposure might have value as a means of reducing body fat in middle-aged obese subjects (15).
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The specificity of the cold stimulus remains to be established. Accordingly, a controlled crossover trial has now been carried out, subjects exercising 1 wk under arctic and 1 wk under warm conditions, with an intervening week for recovery and rehydration.
METHODS
Subjects and experimental plan. Our subjects were groups of eight and seven middle-aged obese volunteers.' Group A exercised for 1 wk in the warm, recuperated for 1 wk, and then exercised for 1 wk in the cold environment. Group B followed the reverse sequence.
Physical characteristics are summarized in Table 1 . Although overweight, all subjects were free of active disease. With one exception (a rescue squad worker at the local fire station) they held sedentary jobs.
Each exercise day, subjects spent two 75min periods in the climatic chamber, with a short coffee break at normal room temperatures. The pattern of test measurements is indicated in Table 2 .
Exercise routine. Subjects were seen in groups of three or four, half keeping to a morning and half to an afternoon routine. They alternated between a stepping and a treadmill exercise, spending lo-min periods at each form of activity."
The treadmill speed was set at 5 km/h, zero slope throughout. Stepping (45.7-cm double step)' was paced by a flashing signal; the rate was 10 ascents and descents/ min in the warm, and (because of the added weight of arctic clothing) 8.5 ascents/min in the cold environment. Energy costs of the two forms of exercise were monitored on the first and last days of both warm and cold exposures, using a Kofranyi-Michaelis (K-M) respirometer and a Siemens Telecust 36 telemeter. With the K-M respirometer, aliquot expired breath samples were analyzed, the 02 intake and respiratory quotient were determined, and the results were converted to energy expenditure by Weir's nonprotein method. ECG recordings of heart rate were taken at 2,4,6,8, and 9.5 min of exercise; the average of the five readings was converted to a corresponding energy expenditure, using a personal calibration curve based on three bouts of progressive submaximal treadmill exercise carried out at the beginning, midpoint, and end of the experiment.
On each day that energy costs were assessed, four observations were made on each individual for each mode of exercise, commencing after a 20 min warm-up period. Under warm conditions, both K-M respirometer and heart rate data were used. The K-M respirometer functioned less consistently in the cold environment, and in this situation most of the data was collected only by the Siemens telemeter. ' For analyses of variance, one subject from group A was rejected by lot.
' A small modification of routine was made necessary by a temporary breakdown of one treadmill. For details, see DCIEM Report (in press). Climatic conditions. For cold exposures, the climatic chamber was maintained at -40°C, zero wind speed. Subjects wore full arctic clothing (insulation 4 clo). Exposed areas such as the face were cool, but body temperatures were well maintained, and the subjects remained comfortable and cheerful throughout.
Warm exposures were conducted in the same chamber, under ambient conditions; due to an unexpected change in the weather, temperatures averaged 26-31" C for group A and 17-21°C for group B. Only shorts and shoes were worn for this part of the experiment.
Core temperatures were monitored by a Brox-Ackles intragastric radiothermometer (3). Thermocouple readings of skin temperatures were taken from seven sites 20, 40, and 60 min after entering the chamber, the mean skin temperature being computed as suggested by Hardy and DuBois (11).
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Energy balance data. Methods of measuring energy expenditures in the climatic chamber have already been noted. Subjects maintained a diary listing the nature and duration of other daily activities. Corresponding energy expenditures were taken from Durnin and Passmore (8), with appropriate adjustment for the weight of the individual. A second diary listed daily food intake; this was converted to energy equivalents using the tables of Fremes and Sabry (10).
Physiological measurements. Maximal oxygen intake was determined by progressive uphill treadmill walking to exhaustion (17), using the Bruce protocol (4, 5). The heart rate was monitored continuously by an electrocardiogram (CM5 leads). The oxygen consumption was determined every 30 s by means of the Beckman metabolic cart. This apparatus passes data from an infrared CO2 analyzer, a polarographic 02 analyzer, and a turbine flowmeter through a miniature analog/digital computer; the machine was calibrated regularly against a rotameter and cylinder gas mixtures analyzed by the micro-Scholander method.
Lung function tests (vital capacity, 1.0-s forced expiratory volume, and peak expiratory flow rate) were estimated by use of the Monaghan M403 pulmonary function analyzer. Calibration of this apparatus was against a series mounted 13.5liter Collins spirometer.
Leg extension strength was measured by cable tensiometry (6), with the knee joint extended initially to 115".
Skinfold thicknesses were determined with Harpenden skinfold calipers (20). Measurements at three sites (triceps, subscapular, and suprailiac) were all taken by the same observer, indelible ink markings ensuring consistent placement from one day to another. Age specific empirical equations for males (9, 19) were used to convert the sum of readings for the three skinfold sites (X3) to body density and percentage body fat. According to Durnin and Womersley (9)) the precision of the density estimate (SE of t 0.0104 in men aged 17-72 yr) is comparable with that of the four-skinfold method used by some authors (SE of t0.0103).
Skin thicknesses were measured on the dorsum of the right hand and foot, taking the smallest of six readings from each site.
An independent assessment of body density and thus body fat was obtained by underwater weighing. The technique was as adopted on previous occasions (18), except that the subjects were lying horizontal while submerged. At least six weighings were made at each assessment, the largest value being used in the calculation. The residual volume was predicted from the individual's vital capacity (21).
RESULTS
Energy balance. The Kofranyi-Michaelis data indicated an oxygen cost of treadmill walking of 12.6 ml.
kg-' .min-' in the warm and 14.4 ml. kg-' l rein-' in the cold, corresponding figures for stepping being 15.2 and 16.0 ml~kg-lomin-l. The slightly greater cost of activity in the cold probably reflects the mass of arctic clothing (since data were expressed per kg of stripped body mass) and an associated hobbling effect. A negative energy balance was developed in both the warm and the cold environments (Table 3) , this being due largely to the costs of the required exercise (excess expenditure of -660 kcal l day-', 2.8 MJ l day-' relative to the anticipated resting energy consumption of 1.5 kcal min-', 6.3 kJ l min-').
Changes of skinfold and skin thicknesses. Group A showed a small and statistically insignificant decrease of skinfold thicknesses in the warm, a decrease of marginal significance during the intervening (recovery) week, and a loss averaging 3.1 mm/fold (P c 0.001) while exercising in the cold environment" (Fig. 1) . Group B also showed a large and highly significant loss (P c 0.001) averaging 2.3 mm/fold while exercising in the cold, with a continuing loss of 1.6 mm/fold (P < 0.005) during the recovery week, but a small gain (1.0 mm/fold, P < 0.05) with exercise in the warm environment.
A preliminary check of technique showed that by using the same observer and marking the measurement site carefully, we were able to measure skin thicknesses with an SD of t 0.1 mm. Group A had a 5% increase in the skin thickness of the foot during their 7-day cold exposure (P < 0.025 by paired t test), and both groups showed a significant reduction in the skin thickness of the hands during their initial week of exercise (P c 0.025 for group A in the warm and group B in the cold, respectively). With these exceptions, there were no significant alterations of skin thickness over the experiment. Changes of body composition by hydrostatic weighing. Group A showed no significant alteration of body composition during their period in the warm (Table 4 ). In the cold, there was a suggestion of a loss of body fat and body mass, but this was still statistically insignificant. Group B showed a suggestion of a decrease of fat mass (P < 0.05) during the period in the warm environment; however, changes were larger and statistically more significant in the cold, with an increase of body density (P < O.Ol), a decrease of percent fat (P < 0.01) and fat mass (P < 0.005), an increase of lean mass (not significant), and a decrease of body weight (P < 0.01). Considering data for both groups of subjects jointly (n = 15), there were no significant changes of body composition in the warm environment, whereas in the cold there was an increase of body density (P < 0.025), with a decrease in percent fat (P < 0.025), fat mass (P < 0.005), and body mass (P < 0.005). Table 5 summarizes the changes of body composition as calculated from skinfold readings. In the heat, the only significant change was some loss of lean mass in group B. In the cold, the skinfold readings suggested a larger loss of fat and thus a bigger increase of lean mass than would have been predicted by hydrostatic weighing. Skin and core temperatures.
With one exception (subj RT on day 5, final reading 35.5"C), core temperatures were comparable in warm and cold environments. Skin temperatures dropped to a plateau, some 10°C lower in the cold than in the warm environment.
There was a good correlation between the mean skin temperature in the cold room and the extent of fat loss (r = 0.88 for underwater weighing; r = 0.40 for skinfold readings), a larger fat loss occurring in those subjects who were able to maintain their skin temperature in the cold (P < 0.01).
Changes of physiological fill?{ [ion. The maximal oxygen intake (VO, max ) of group ii showed a 19.4% increase over the experiment (P c 0.005), this being developed mainly during the cold chamber exposure (Table 6 ). Group B showed an insignificant change in the cold and a smaller (8.0%) and statistic:ally insignificant gain of VOW max in the heat.
Leg extension strength increased by 24.3% in group A (P < 0.001) and by 19.8% in group B (P < 0.001) over the course of the experiment. Readings taken on day 7, immediately after the chamber exposures, were somewhat depressed relative to scores for day 10. This is probably a reflection of the effects of dehydration (l), and the overall response to the program is best judged on day 10, when fluid replenishment was relatively complete. Such data suggest some gains of strength in both the warm and the cold environments, although larger gains were registered over the period of cold exposure.
Lung volumes had no acute or chronic response to either warm or cold exposure.
DISCUSSION
Fat loss. The present experiments in general confirm our earlier observations (13-15) that a substantial loss of fat is induced by a combination of exposure to cold and exercise. The intensity of effort (13 MJ l day-') was at the lower limit of that required previously (13-16 MJg day-') and the cold exposure (<3 ho day-' for 7 days) was also shorter than in some of our previous experiments (3.5 h-day-' for 10 days). Nevertheless, the average fat loss estimated from the skinfold readings (2.3 kg) was of the order reported in our earlier work (2.4-4.8 kg).
The changes under examination approach the sensitivity of the methods used for estimation of body fat. In our previous papers (14, 15) there was good agreement between the results of skinfold determinations and underwater weighing. In the present instance initial body fat estimates were 24.9 t 4.7 kg by skinfolds and 24.6 t 5.3 kg by underwater weighing (A: 0.4 t 4.0 kg). The subsequent response differed somewhat between groups A and B. Taking the skinfold data, group A showed a significant fat loss in the cold, with a smaller (but nevertheless statistically significant) fat loss in the week following heat exnosure. Group B also showed a significant loss in possible that in an obese person the loss of fat occurs selectively from certain regions of the body, the three selected skinfold sites exaggerating the extent of loss. Alternatively, problems may have arisen in the hydrostatic estimate. A 5% change in residual volume from one test to another would in itself change density by 0.001 U; however, as all hydrostatic weighings were made under temperate conditions with the subjects rehydrated, there is no reason to suppose a change of this magnitude would occur. A more plausible source of error relates to our choice of a horizontal underwater weighing position. It is possible that when first seen, the mass of the abdominal fat compressed the residual volume to less than the assumed 28% of vital capacity, and that this effect was lessened by fat loss, with an apparent diminution of body density.
Energy balance. Our subjects developed a small energy deficit in both the warm and cold environments, but assuming a normal energy yield from metabolized fat (7 kcal. g-l, 29.3 kJ l g-l), this would have been satisfied by the combustion of no more than 70-80 g of fat/day, a total loss of -1 kg of fat in 2 wk.
A specific effect of cold exposure is suggested by I) the much larger fat loss in the cold, and 2) the correlation between skin temperatures in the cold and extent of fat loss. The energy balance data of Table 3 further exclude the possibility that cold exposure selectively suppressed appetite or stimulated leisure activity, although it remains possible that the costs of such activity were augmented by the period in the cold. Bray (2) has, for example, noted an effect of exercise on the metabolic cost of subsequent sleep. If such a mechanism were to increase the costs of sleep by 10% on cold exposure days, a total of 350-400 kcal (1.5-1.7 MJ) would be consumed, equivalent to 50-60 g of fat.
In earlier studies (13-15) we speculated that the synthesis of new protein might account for much of the "missing"energy.
Our most recent estimates (16) put the cost of protein formation at no more than 23 kJ *g-l.
Gains of strength and maximal oxygen intake suggest some increase of lean mass. Taking the skinfold estimate (1.5 kg increase of lean tissue), this could account for ~1.2 kg of fat loss. A second possible cause of energy loss is the partial breakdown of fat to ketone bodies, with their subsequent excretion in the urine. Ketosis is characteristic of exercise in the cold (l2), and in our previous investigations we found a relationship between the severity of ketosis and the extent of fat loss (14, 15). In view of the positive correlation between mean skin temperature and fat loss, it is possible that fat mobilization contributes in some way to the maintenance of body temperature.
The tissue depots of our subjects were initially free of ketone bodies, but nevertheless it is unlikely that energy lost in the ketone shunt would exceed that found in a diabetic patient (ketone body excretion of 200 g l day-', energy loss 3.9 MJeday-', Ref. 7). Sustained for 7 days, this could account for a fat loss of 1.4 kg.
Taken together, the costs of protein synthesis, ketone body formation and a small energy deficit seem adequate to account for the fat loss induced by the combination of exercise and cold exposure.
ImpZications for dieting. Although the temperature in the cold, with a small but significant gain in he heat. The pooled change for groups A + B was thus significant in the cold and insignificant in the warm. The hydrostatic measurements for group A showed no significant change with either type of climatic condition; group B showed a significant loss of fat in the cold, and no change in the warm, so that again the pooled response for groups A + B was significant in the cold but insignificant in the warm. The apparent difference in behavior of groups A and B may reflect the use of small samples, with tests close to their limit of sensitivity, or it may reflect the differences in climatic conditions during the "temperate" chamber exposure. In either event, proof of the effect of cold rests largely on the behavior of group B.
The partial disagreement of skinfold and hydrostatic data in the present study may reflect our choice of obese subjects. The relationship between body density and skinfold readings is nonlinear (9), and in an obese individual there can be a substantial reduction of subcutaneous fat with little change of body density. It is further the cold chamber was very low (-4O"C), it is important to note that there was no wind and subjects were wearing full arctic clothing. They did not suffer from cold stress, and indeed remained very cheerful throughout the experiment. Given more lightly clothed individuals and a moderate windchill, a similar fat loss could thus be anticipated in response to a typical week of North American winter sports.
If the main bases of the rapid fat loss are protein synthesis and ketosis, it would seem important that subjects who wish to lose fat should take exercise rather than rely on diet alone, and that at least a small energy deficit should be induced to stimulate ketosis.
